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ABSTRACT 

The leakage performance of a brush seal with gaseous working 
fluids at static and low rotor speed conditions was investigated. 

This report includes the leakage results for air, helium, and carbon 
dioxide at several bristle/rotor interferences. In addition, the effects 
of packing a lubricant into the bristles and also of reversing the 
pressure drop across the seal were investigated. Results were corn- 
pared to that of an annular seal at similar operating conditions. In 
order to generalize the results, they were correlated using corre- 
sponding state theory. The brush seal tested had a bore diameter of 
3.792 cm (1.4930 in.), a fence height of 0.0635 cm ( 0.025 in.), and 
1800 bristles/cm-circumference (4500 bristles/in.-circumference). 
Various bristle/rotor radial interferences were achieved by using a 
tapered rotor. 

The brush seal reduced the leakage In comparison to the annular 
seal, up to 9.5 times. Reversing the pressure drop across the brush 
seal produced leakage rates approximately the same as that of the 
annular seal. Addition of a lubricant reduced the leakage by 2.5 
times when compared to a non-lubricated brush seal. The air and 
carbon dioxide data were successfully correlated using corresponding 
state theory. However, the helium data followed a different curve 
than the air and carbon dioxide data. 


NOMENCLATURE 
a r . .a g constants 

b r . .b 4 constants 

C f flow coefficient 

f ratio of fluid-a temperature to fluid-o 

temperature 

G mass flow rate 

G* mass flow rate based on critical properties 

g Gibb’s free energy 

h ratio of fluid-a volume to fluid-o volume 

P pressure 


R universal gas constant 

T temperature 

V volume 

Z compressibility 

p density 

w acentric factor 

Subscripts 

c critical constant 

in inlet 

o property of known fluid 

r reduced parameter 

£* property of fluid to be 

predicted 

<t> correction factor 

0 correction factor 


INTRODUCTION 

A brush seal is a compliant seal and, as seen in Fig. 1, consists 
of a bristle pack held between two washers. The bristles have an 
initial radial interference with the rotor and are angled 30° to 60° 
from the radial centerline. This arrangement allows the seal to 
easily adapt to thermal effects, machining tolerances, and shaft 
excursions. In order for conventional seals (such as labyrinth and 
annular seals) to meet the same adaptability requirements, they 
require a clearance between the rotor and seal. Thus, brush seals 
have the potential to significantly reduce the leakage over conven- 
tional seals. 

The back washer is designed as an annular seal so that it is as 
close to the rotor as possible while still accommodating shaft excur- 
sions and growth due to thermal and centrifugal effects. Since brush 
seals are a contacting seal, bristle material and rotor coating become 
a major design consideration. Because of this, the bristles are made 
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4.699 cm diameter 
(1.8500 In diameter) 


Figure 1 .—Brush seal geometry. 

of a superalloy (e.g., Haynes 25 and Hastelloy X), and the rotor is 
coated with a highly polished ceramic such as Zr0 2 or CrC. 

Brush seals are currently being considered for such applications 
as gas turbine engines, turbopumps, gas compressors, and steam 
generators. Previous work demonstrates that brush seals reduce 
leakage from one-third to one-fourth that of four and five cavity 
labyrinth seals (Flower, 1990, and Gorelov et a!., 1988). Ferguson 
(1988) found the leakage to be 1/10 to 1/20 that of labyrinth seals 
running in the same turbomachine with clearances of 0.75 mm. In 
addition, brush seals have been found by Childs (1990) to enhance 
rotor stability compared to labyrinth seals. For these investigations, 
air was used for the working fluid, and little information exist in the 
open literature for other working fluids. For this paper, the perfor- 
mance of a brush seal using gaseous air, carbon dioxide, and helium 
for the test fluids is presented. 

Several analytical models for brush seals have been developed. A 
bulk flow model has been developed by Braun, et. ah (1990) and 
Hendricks, et. al (1991a). Chupp, et. ah (1991) developed a model 
which generalizes the results over a range of conditions using the 
effective thickness of the bristle pack. The model is especially 
effective in accounting for fluid thermal effects at high pressure 
ratios. For this paper, the results are correlated using corresponding 
state theory. This method produces a single curve; which is a 
function of the brush seal geometry; from which the leakage perfor- 
mance can be predicted for any fluid at any state. 

Several other considerations were investigated for this report. 

The effect of reversing .the pressure drop across the brush seal was 
studied for application to cases where the brush seal is installed 
improperly or reverse flow occurs during adverse engine operation. 

In addition, the effect of putting a lubricant into the brush seal pack 
was examined. 


Data for gaseous air, helium, and carbon dioxide are presented 
for static and dynamic rotor conditions. Air data are given for 
bristle/rotor radial interferences of 0.0018 and 0.0061 cm (0.0007 
and 0.0024 in.). Helium data are given for bristle/rotor radial 
interferences of 0.0033 and 0.0061 cm (0.0013 and 0.0024 in.). 

Carbon dioxide data are given for a bristle/rotor radial interference 
of 0.0061 cm (0.0024 in.). Results of correlating the data using 
corresponding states theory are presented. For comparison purposes, 
an annular seal was tested in air and helium, and the results were 
compared to that of the brush seal. In addition, results of the seal 
packed with a lubricant and also of a seal tested with the pressure 
drop reversed are presented. 

SEAL ASSEMBLY 

A bench-scale apparatus shown in Fig. 2 was used for this 
investigation. The apparatus consisted of a pressure vessel, rotor, 
and seal. The pressure vessel held the seal in position and acted as a 
circumferential seal on the outside diameter. There were two open- 
ings for the working fluid to enter near the base of the vessel located 
180° apart. A halogen light was placed In the bottom of the pres- 
sure vessel for alignment purposes and to act as a back light for 
visualization of the bristle/rotor dynamics. 



Figure 2— Schematic of test apparatus. 


The 304 stainless steel rotor shown in Fig. 3 was driven by a 
drill press. It was tapered so that the bristle/rotor interference 
could be changed by adjusting the vertical height. The taper ranged 
from 38.6 to 37.8 mm (1.5202 to 1.4877 in.) in diameter over 
25.36 mm (0.9986 in.). Since the seals axial lengths were small, the 
taper did not effect the leakage. 

SEAL DESIGN 

Both a brush seal and an annular seal were tested for compari- 
son purposes. The geometry of the brush seal is given in Table I 
and is shown in Fig. 1. The brush seal was 
thick and had a bore diameter of 3.792 cm 
diameter was 5.333 cm (2.0996 in.). The inside diameters of the 
front and back washers were 4.699 and 3.923 cm (1.8500 and 
1.5444 in.), respectively. Thus, the fence height (i.e., the radial free 

TABLE L— BRUSH SEAL SYSTEM SPECIFICATION 

Brush seal outside diameter 5.333 cm (2.0996 in.) 

Brush seal inside diameter . 3.792 cm (1.4930 in.) 

Front washer inside diameter 4.699 cm (1.8500 in.) 

Back washer inside diameter 3.923 cm (1.5444 in.) 

Brush seal axial ^iameferp ? . - • 0.353 cm (0.139 in.) 

Bristle diameter . , . . 0.0051 cm (0.0020 in.) 

Pack density . 1800/cm-circ (450Q/in.-eirc) 

Angle of bristles from radial centerline 50® 

Bristle materia! Haynes 25 

Rotor material 304 Stainless steel 


0.353 _cip (0.139 in.) 
(1.4930 in.). The outside 
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TEST CONFIGURATIONS 
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Figure 3.— Photo and schematic of the tapered rotor. 


length of the extension of the bristles beyond the back washer) was 
0.0635 cm (0.025 in.). The bristles were made of Haynes 25 and 
angled 50° from the radial centerline. The bristles were 0.0051 cm 
(0.002 In.) in diameter and had a packing density of 
1800/cm-circumference (4500 bristles/in.-circumference). 

For comparison purposes, the annular seal was designed to have 
the same axial length as the brush seal, 0.353 cm (0.139 in.). It had 
an inside diameter of 3.8610 cm (1.5200 in.) which is equal to the 
diameter at the top of the rotor taper. Again, by changing the 
height of the rotor the clearance could be changed and a range of 
leakages could be determined. 


TEST FACILITY 


The test configurations are summarized in Table II. Data were 
first taken for the brush seal at a bristle/rotor radial interference of 
0.0061 cm (0.0024 in.) with gaseous air, helium, and carbon dioxide 
for the test fluids. Additional data were taken at radial interferen- 
ces of 0.0018 and 0.0033 cm (0.0007 and 0.0013 In.) for air and 
helium, respectively. 


TABLE II.— TEST CONDITIONS 


Configuration 

radial clearance 

Air 

Helium 

Carbon 

dioxide 

Braak so&l 




-0.0061 cm (-0.0024 in.) 

X 

X 

X 

-0.0018 cm (-0.0007 In.) 

X 

* 


-0.0033 cm (-0.0013 in.) 


X 


Brask 




-0.0053 cm (-0.0021 in.) 

X 

Hi 

H 

Brasil labrfe&ted 


■ I 

II 

-0.0061 cm (-0.0024 in.) 

X 



Ananias’ 




0.0053 cm (0.0021 in.) 

X 



0.0178 cm (0.0070 in.) 

X 



0.0302 cm (0.0119 in.) 


X 



Next, the brush seal was inverted so that the pressure drop 
would be applied in the reverse direction. This configuration had a 
radial interference of 0.0053 cm (0.0021 in.) and was tested with air. 
Due to the direction of the bristle angle with the rotor, only data 
with a static rotor was taken. 

A lubricant (halocarbon grease) was put into the bristle pack 
and along the inside diameter. This configuration was .tested with 
air as the working fluid and a radial interference of 0.0061 cm 
(0.0024 in.). 

Lastly, an annular seal was tested for comparison purposes. For 
air, it was tested at radial clearances of 0.0053 and 0.0178 cm 
(0.0021 and 0.0070 in.). For helium, it was tested at a radial clear- 
ance of 0.0302 cm (0.0119 in.). These clearances were selected in 
order to obtain the leakage rates over a feasible working range. 

Before each run, the pressure transducers were calibrated, and 
the system purged. A hand valve was opened to allow the working 
fluid to enter the pressure vessel, flow through the seal, and exit to 
ambient. Data were taken as the pressure was increased and then 
decreased to determine hysteresis effects. This procedure was 
repeated for static and dynamic rotor conditions. For the dynamic 
condition, the shaft rotation was 400 rpm. The gases were at ambi- 
ent temperature [285 - 295 K (513 - 531R)]. 


A flow schematic of the system including instrumentation is 
shown in Schlumberger, et. aL, 1991. Based on the flow rate, one of 
three parallel flow lines; each having a calibrated venturi meter; was 
used. The test fluid temperature and pressure were measured near 
the inlet to the pressure vessel (line losses were approximately 
6 percent of the inlet pressure).. The exit pressure was assumed to 
be equal to the measured ambient pressure. All temperatures were 
measured using type E (Cu/Ni) thermocouples and pressures by 
strain-gage pressure transducers. 


CORRESPONDING STATES 

An analysis was performed to generalize the various working 
fluid data using corresponding state theory. The extended van der 
Waals theory of corresponding states had been verified for several 
fluids and fluid mixtures by Mollerup (1978) and applied to 
two-phase choked flow by Hendricks and Simoneau (1973 and 1977). 

The premise of corresponding states is that all thermodynamic 
surfaces can be mapped to a single surface when expanded about the 
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thermodynamic critical point. Thus, the properties of a fluid (a) 
can be predicted using another fluid (O) when the proper mapping is 
used. Equation (1) and (2) give the mapping for compressibility and 
Gibb’s free energy, respectively (Hendricks and Sengers, 1979)..., 

Z„(V,T) - Z 0 (V/h,T/f) (1) 

So(V)T) = g 0 (V/h,T/f) - RT In(h) (2) 


where, 

h = [V QC /V 0C ]^ 
f = [T ac /T oc ]g 

* = 1 + K - 0[bi(V r - b 2 - b 3 (V r - b 4 )In T r ] 

B = 1 + (w a - w 0 ) [a, - a 2 InT r + (a 3 - a 4 /T r )(V r - a 5 )] 

Values for a 1 ...a 5 , b r ..b 5 , <f» and 9 can be found in McCarty 
(1977). 

From this, it can be seen that for mass flow substitution into the 
conventional Bernoulli equation gives Eq. 3, 


c.-c. 

^{h 2 /f)(ZJZ a )c 


(3) 


For simple gases flowing through a venturi, over large ranges in 
fluid states removed from the thermodynamic critical point, flow 
rates can be normalized by equation 4 (Hendricks, 1977). 


c /rT/Pr - C f /5.0 


( 4 ) 


where, 

G r = G/G * 


q * ftc ? c 



T r « T/T c 

P r - P/P c 

The critical constants for air, helium, and carbon dioxide are 
given in Table III. 


TABLE HI.— CRITICAL CONSTANTS (GASP) 


Fluid 

IK 

P e 

(MPa) 

(g/cc) 


: G® " 
(g/cm’n) 

Air 

132.55 

3.766 

0.313 

noun 

mmm 

He 

5.19 

. 0.227 

0.0693 

0.3039 

i 720 

C0 2 

304.21 


0.464 




It should be noted that for low molecular weight fluids like 
hydrogen, helium, and neon at low temperatures quantum effects 
play an important role," and the corresponding state correlations 
require reduction parameters (Gunn, et. al. 1966). For this report, 
the temperature was high and quantum effects were neglected. 

In summary, the normalized parameters stated evolved from the 
solution of one dimensional conservation equations. The maximum 
mass flux is related to curvature of the thermodynamic surface, 
dV/dP (Eq. 3). Corresponding states relations are strictly valid for 
only isentropic losses. Thus, the maximum mass flux maps only for 
isentropic flows and is nearly valid at the throat where dV/dP is 
much larger than nonisentropic losses. In a practical sense, the 
relations are valid to within a constant over a large range in thermo- 
dynamic states and flow geometries. Thus, if a single data point is 
found to establish this constant (which relates the working fluid and 
geometry), flow can be reliably predicted. For a fixed geometry, it 
appears that the nonisentropic losses for choked flows could be 
related to the thermodynamic surface, and the viscosity is correct- 
able in terms of the extended theory of corresponding states. In 
addition, the direct solution of the conservation equations with an 
accurate equation' of state does not require the use of the specific 
heat ratio (mass flux is proportional to the change in enthalpy). 

RESULTS AND DISCUSSION 

The objectives of this investigation were: (1) to determine the 
performance of brush seals at several bristle/rotor interferences with 
various working fluids and to compare the results to an annular seal; 
(2) to generalize the results using corresponding state theory; (3) to 
determine the effect of packing lubricant into the bristles; and (4) to 
determine the effect of reversing the pressure drop across the seal. 

Figure 4 presents the performance data of gaseous air, helium, 
and carbon dioxide at a bristle/rotor radial interference of 0.0061 cm 
(0.0024 in.). Figure 4(a) gives a plot of volumetric flow rate versus 
pressure drop across the seal for the various gases at static and 
dynamic (400 rpm) shaft conditions. All volumetric flow rates 
presented in this report are at standard temperature and pressure. 
For the carbon dioxide and air data, there was a slight decrease in 
leakage with shaft rotation; however, this effect was small (8 per- 
cent). Hysteresis effects were negligible. For the air and carbon 
dioxide data, the flattening at high pressure is not realistic and 
requires investigation. This is aiso the case in Fig. 7. 

Figure 4(b) gives a plot of G r /T~ r versus Pr for the gaseous air 
and carbon dioxide data; where T r = T in /T c , G r = G/G*, P r = 
Pi n /P c - Since the flow area was not known, it was taken to be a 
constant and set equal to 1.0 cm 2 . The data fell onto a linear fit 
such that the slope = G f /T r /P r = 0.0169 and 0.0155 for the static 
and dynamic shaft conditions, respectively. Figure 4(c) is the same 
plot with the helium data added. It can be seen that the helium 
data followed a different curve than that of the carbon dioxide and 
air data. An improvement in correlating the helium data with the 
air and carbon dioxide data can be seen if G z VT r is plotted against 
P r = AP/P C as shown in Fig. 4(d). However, the helium data still 
follows a slightly different curve than that of the air and carbon 
dioxide data. The cause for this requires further investigation. 

Figure 5 presents the results of the annular seal compared to the 
brush, seal for 'gaseous air and helium for static and dynamic 
(400 rpm) shaft conditions. Figure 5(a) shows a plot of volumetric 
flow rate versus pressure drop for the brush and annular seals with 
helium as the working fluid. The radial clearances for the brush and 
annular seal were -0.0061 cm (-0.0024 in.) and 0.0302 cm 
(0.0119 in.), respectively. The annular seal leakage rate was 9.5 
times greater than that of the brush seal. 
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Figure 4.— Brush sea! performance at static and dynamic rotor 
conditions and a bristSe/rotor radial interference of 4 - 0.0061 cm 
(4-0.0024 in.) for Air, Helium, andCarbon Dioxide. 


Figure 5(b) shows a plot of volumetric flow rate versus pressure 
drop for the brush and annular seals with air as the test fluid for 
static and dynamic (400 rpm) shaft conditions. In addition, the plot 
includes the data for the brush seal with the pressure drop across the 
brush reversed. The radial interference for the brush was 0.0061 cm 
(0.0024 In.). Two radial clearances were tested for the annular seal; 
0.0053 and 0.0178 cm (0.0021 and 0.0070 in.). For the brush seal 
with the pressure drop applied in the reverse direction the seal had a 
radial interference of 0.0053 cm (0.0021 in.). Over this range of 
radial .clearances, the annular seal leakage rate was between 3.5 and 
7.5 times greater than the brush seal. The brush seal with the 
pressure drop applied in the reverse direction leaked 6.5 times that 
of the normal brush seal. With the pressure drop, across the seal 
reversed giving the bristles no surface to press against, the reversed 
brush seal leaked approximately the same amount as that of the 
annular seal. 

Figure 6 presents the results for the lubricated seal with air as 
the test fluid compared to the nonlubricated brush seal static and 
dynamic (400 rpm) shaft conditions. It gives a plot of volumetric 
flow rate versus pressure drop across the seal at a radial interference 


of 0.0061 cm (0.0024 in.). For the static condition, the lubricated 
seal reduced the leakage 2.5 times that of the nonlubricated seal. 

For the dynamic condition, the lubricated seal reduced the leakage 
1.5 times that of the nonlubricated seal. The lubricant served to 
hold the bristles in place and to block the porosity through the 
bristle pack. The static condition showed improvement over the 
dynamic case. This is the result of the lubricant acting as a seal at 
the bristle/rotor interface for the static case. This behavior can be 
seen in the steam data found in Schlumberger, et. ah (1991). The 
steam changed phases as it passed through the seal from vapor to 
liquid. The liquid became entrained in the bristles and blocked the 
fluid flow in the same manner as the lubricant. 

Figure 7 presents the effect of bristle/rotor interference on 
leakage. Figure 7(a) gives a plot of volumetric flow rate versus 
pressure drop across the brush for helium at bristle/rotor radial 
interferences of 0.0033 and 0.0061 cm (0.0013 and 0.0024 in.). 

Figure 7(b) gives a plot of volumetric flow rate versus pressure drop 
across the brush for air at bristle/rotor radial interferences of 0.0018 
and 0.0061 cm (0.0007 and 0.0024 in.). Both static and dynamic 
data are presented. As expected, the flow rate decreased with an 
increased interference. 
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Figure 6. — Effect of lubrication on brush seals with air as the, 
working fluid at a bristle/rotor radial interference of +0.0061 cm 
(+0.0024 in.). 


A study of the bristle/rotor interface dynamics was made using 
high speed Film. Results show that as the pressure drop across the 
seal increased, the bristle pack would split at certain places along 
the circumference creating holes for a leak path. As the pressure 
drop decreased the bristle pack closed. Similar observations have 
been noted for a linear brush seal configuration (“rivering” effect) 
(Braun, et. al., 1990). 


SUMMARY OF RESULTS 

The leakage performance of a brush seal with gaseous air, 
helium, and carbon dioxide for the test fluids was investigated for 
several bristle/rotor interferences at static and low rotor speeds. In 
addition, the effects of packing a lubricant into the bristles and of 
reversing the pressure drop across the seal were investigated. An 
annular seal was tested for comparison purposes. In order to gener- 
alize the results, they were correlated using corresponding state 
theory. A brush seal with an inside diameter of 3.792 cm 
(1.4930 in.) and a fence height of 0.635 cm (0.025 in.) was used. 

The following results were determined: 
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1. The air and carbon dioxide data showed a slight improved 
leakage rate at the rotating over the static condition. Hysteresis 
effects were negligible. 

2. It was found that the air and carbon dioxide data had a flow 
coefficient equal to 0.0169 and 0.0155 for the static and dynamic 
shaft conditions, respectively. This was based on a P_ = Pj n /P c - 
The helium data did not follow the same trend. 

3. A slight improvement in correlating the helium data with that 
of the air and carbon dioxide was seen if P r = AP/P C is used 
instead of P r = P in /P c - The cause for- the helium data behavior 
requires further investigation. 

4. The brush seal leakage was between 3.5 and 9.5 times less 
than that of the annular seal showing that the bristles make an 
effective seal. 

5. The lubricated brush seal’s leakage rate was up to 2.5 times 
less than that of the nonlubricated brush seal indicating that the 
lubricant served to hold the bristles in place and block the porosity 
through- the seal making a more effective seal. 

6. For the lubricated seals, the static case showed a greater 
reduction in leakage than the rotating case. This is the result of the 
lubricant acting as a seal at the bristle/rotor interface for the static 
condition. 
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